Chromatin-remodeling complexes can translocate nucleosomes along the DNA in an ATP-coupled reaction. This process is an important regulator of all DNA-dependent processes because it determines whether certain DNA sequences are found in regions between nucleosomes with increased accessibility for other factors or wrapped around the histone octamer complex. In a comparison of seven different chromatin-remodeling machines (ACF, ISWI, Snf2H, Chd1, Mi-2, Brg1, and NURF), it is demonstrated that these complexes can read out DNA sequence features to establish specific nucleosome-positioning patterns. For one of the remodelers, ACF, we identified a 40-bp DNA sequence element that directs nucleosome positioning. Furthermore, we show that nucleosome positioning by the remodelers ACF and Chd1 is determined by a reduced affinity to the end product of the translocation reaction. The results suggest that the linkage of differential remodeling activities with the intrinsic binding preferences of nucleosomes can result in establishing distinct chromatin structures that depend on the DNA sequence and define the DNA accessibility for other protein factors.
D
NA packaging into nucleosomes has long been recognized as a mechanism to control the accessibility of protein-DNA interactions involved in processes like transcription, replication repair, and recombination (1) . The specific location of nucleosomes on DNA may play both inhibitory and activating roles (2) and depends on the ATP-coupled activity of chromatin-remodeling complexes that reposition nucleosomes or evict them from the DNA (3). For example, nucleosomes can be located at silent yeast promoters to occlude binding of basal transcription factors (4, 5) . In contrast, an alternative nucleosome position with transcription factor-binding sites in the flanking linker DNA was shown to stimulate transcription (6) (7) (8) .
Because the cell harbors hundreds of different remodeling complexes, it appears likely that they possess distinct activities, rather than solely being unspecific nucleosome-moving entities.
Indeed, recent results demonstrate that the majority of nucleosomes in yeast are found at well defined positions (9) . These sites can be predicted, in part, from the analysis of DNA dinucleotide sequence motives (10, 11) . However, it is currently unclear whether nucleosome positioning in the cell results only from sequence preferences of histone-DNA interactions or is directed by additional factors like the chromatin-remodeling complexes. As depicted in Fig. 1 , these complexes comprise several groups of the Snf2-like ATPases and include the Snf2, ISWI, Mi-2, Chd1, Ino80, ERCC6, ALC1, CHD7, Swr1, RAD54, and Lsh subfamilies (12) . Each subfamily consists of at least one to six similar ATPases, many of which have been shown to remodel nucleosomes, transfer histone octamers in trans, and generate superhelical torsion in DNA as reviewed previously (3, 13) . The number of specific chromatinremodeling activities in the cell is further increased by the assembly of the ATPases into large multiprotein complexes, where the same ATPase is shared within different remodeling complexes. For example, the human BAF and PBAF complexes differ by the subunits BAF250 and BAF180 present in the one, but not in the other, complex, and at least three different human NURD complexes containing the ATPase Mi-2 were described (14) . In addition, the molecular motors of the complexes can be exchanged with other ATPases of the same subfamily. This finding was documented for the human BAF complex that contains either the hBRM or BRG1 ATPase (15) and for several ISWI complexes.
The diversity of the mammalian ISWI-like chromatinremodeling complexes is described in Fig. 1 . The mammalian genome encodes for at least four ISWI-like ATPases, Snf2H, Snf2L1, SNF2L2, and the catalytically inactive splice-variant Snf2L ϩ 13 (16) (17) (18) . To date, about a dozen specific mammalian complexes containing one of these ATPases were purified. It was shown that at least four of these complexes (hCHRAC, hRSF, hNURF, and hACF) can exist as isoformic complexes (i.e., they contain alternative ISWI-like ATPases) (16, 19, 20) . This result suggests that the exchange of ATPases is a common theme and increases the number and complexity of chromatin-remodeling complexes in the cell. In addition, many of the subunits of the remodeling complexes exist as multiple-splice variants, such as CERC2 (19) , BPTF (21), Tip5 (22) , and Baz2B (22) . This feature would further increase the diversity of ISWI-remodeling complexes. In summary, the current data indicate that a human cell is likely to form Ͼ40 different ISWI-like complexes. Extrapolating this finding to other Snf2 subfamilies, it is estimated that the nucleus harbors hundreds or even thousands of different chromatin-remodeling complexes. Furthermore, some of these complexes are highly abundant. Quantification studies in yeast suggest that one chromatin-remodeling complex is present for Ϸ10 nucleosomes (23, 24) . This diversity and high total concentration of remodeling complexes appear to be unnecessary for simply maintaining an unspecific fluid and easily accessible conformation of chromatin. Instead it suggests that chromatin-remodeling complexes provide a higher order regulatory level by establishing specific chromatin structures in the cell. This hypothesis was tested here by comparing seven different remodeling machines. It is demonstrated that each of those machines possesses unique nucleosome-positioning characteristics. For the ACF-remodeling reaction, it is shown that nucleosome positioning is sequence-dependent, in that a short DNA element can determine ACF-dependent nucleosome positions. Finally, the mechanism of remodeler-dependent nucleosome positioning was analyzed. It is concluded that, for the ACF-and Chd1-remodeling machines, differences in the affinity of the remodeler toward differently Author contributions: K.R. and A.S. contributed equally to this work; K.R. and G.L. designed research; K.R., A.S., P.R., R.S., E.L., and G.L. performed research; K.R. and G.L. analyzed data; and K.R. and G.L. wrote the paper.
positioned nucleosomes determine the outcome of the remodeling reactions.
Results

Chromatin-Remodeling ATPases Establish Unique Nucleosome
Positions. The DNA sequence-dependent specificity of the chromatin-remodeling reaction was examined in a comparison of seven different chromatin-remodeling machines (ACF, ISWI, Snf2H, Chd1, Mi-2, Brg1, and NURF) (18, (25) (26) (27) (28) (29) . Two well characterized nucleosome substrates, the Drosophila hsp70 DNA fragment (28) and the murine rDNA promoter (30, 31) , were used [ Fig. 2 and supporting information (SI) Figs. 6 and 7A]. Nucleosome assembly on the hsp70 DNA fragment by salt dialysis gives rise to a distribution of nucleosomes positioned at five dominant positions. The different positions of the nucleosomes are designated as N1, N2, N3, N4, and N4Ј and can be visualized by native PAGE because they show differences in their electrophoretic mobility (Fig. 2, lane 1 ) (28) . This mixed nucleosome population was used as a substrate for the seven different chromatin-remodeling complexes listed previously. All remodeling complexes are capable of relocating nucleosomes on the substrate in an ATP-dependent reaction. The endpoint of this reaction obtained with a specific remodeling complex (lanes 2-8) was then compared with the distribution of nucleosomes on the input substrate (lane 1). The results of the remodeling reactions clearly demonstrate that every remodeling enzyme possesses a distinct nucleosome-positioning activity. This striking result cannot be explained by DNA sequence-dependent differences in the histone-DNA interactions. If the remodeling complexes would simply catalyze a transfer of the nucleosomes to their highest affinity histone-binding sites, the same end product should be obtained for the different remodeling complexes. This finding was clearly not the case. For example, NURF-dependent nucleosome remodeling was shown to position the nucleosomes efficiently from N1, N2, and N4 positions to the N3 position (lane 8) (28) . In contrast, ACF, a similar remodeling complex harboring the identical ISWI ATPase, behaves differently and preferentially positions the nucleosomes at position N2 (lane 7). In addition, each isolated molecular motor subunit has a distinct positioning behavior. ISWI, the ATPase of ACF and NURF, positions nucleosomes at N4Ј and N4 positions (lane 4). However, Snf2H preferentially places the nucleosomes on three sites between position N3 and a positioning site above N4 (lane 5). BRG1 does not change the nucleosome distribution significantly, but nucleosomes are displaced from the central position N1 (lane 2). Chd1 transfers the nucleosomes almost completely to position N3 (lane 3), whereas Mi-2 positions nucleosomes preferentially at the position N1 (lane 6). A similar complexspecific remodeling activity was observed in the analysis of the rDNA substrate (SI Fig. 7A ). At the resolution of these experiments, the remodeling reactions led to a different distribution of nucleosomes at sites N1, N2, N3, N4, and N4Ј (Fig. 2 ) or N1 and N2 (SI Fig. 7A ), but no new nucleosome positions (except for the Snf2H reaction) were created (SI Fig. 7B ).
It is concluded that remodeling machines do interpret the DNA sequence/structure information in different ways, establishing individual nucleosome-positioning patterns on a given DNA sequence. In particular, the nucleosome positioning depended on both the type of the ATPase motor protein as well as the composition of the multiprotein complex into which it is integrated (see also SI Fig. 7A ). The nucleosome movements proceeded predominantly by positions characterized by an intrinsic nucleosome affinity preference (SI Fig. 7B ) because the intermediate positions were mostly identical with the initial nucleosome positions generated by salt dialysis assembly. However, the relative occupancy of these sites can be strongly affected by specific chromatin-remodeling activities. If the DNA sequence encodes information on the positioning of nucleosomes by remodeling complexes, it should be possible to identify specific DNA sequence elements that direct nucleosome positioning independent of the surrounding DNA sequence context. This prediction was tested with ACF in the experiments presented in Fig. 3 . On the rDNA sequence, ACF moves the nucleosome from border positions to two rotationally spaced positions occupying nucleotides Ϫ190 to Ϫ40 and Ϫ180 to Ϫ30 relative to the rDNA gene transcription start site (30, 31) . This finding corresponds to positions 46/56 to 196/206 (N1) on the 248-bp rDNA fragment studied in SI Fig. 7A . Previous studies established that the rDNA promoter of a variety of organisms exhibits a conserved sequence-dependent structure (32, 33 ). An analysis of this sequence for specific features revealed a strong correlation between ACF-dependent nucleosome positioning and the presence of an intrinsically curved DNA region (Fig. 3D) . The dyad axis of the positioned nucleosome with the rDNA was close to the DNA curvature peak that was verified experimentally (SI Fig.  7C ). Accordingly, a 40-bp fragment with the center of the curved region (positions 115-155) was then cloned into the DNA vector pT-K3 to examine it in a sequence environment with no apparent sequence similarities to the rDNA fragment. The resulting 253-bplong DNA was used to assemble nucleosomes by salt dialysis. Nucleosomes were positioned at three major sites (N1, N2, and N4) and one minor site (N3) (Fig. 3A, lane 1 ). This distribution of differently positioned nucleosomes was used as substrate for the remodeling reaction with ISWI or ACF (Fig. 3A, lanes 2 and 3) . In contrast to the 248-bp rDNA template (SI Fig. 7A ), the ISWIdependent nucleosome positioning did not place the nucleosomes to the extremes of the DNA, but preferentially to position N2 on the expense of nucleosomes positioned at the DNA border (N4). This result demonstrates that ISWI is not an unspecific, asymmetric molecular motor that moves any nucleosome to the ends of the DNA fragment, but can recognize certain DNA features (34) . ACF, in contrast, translocated the nucleosomes predominantly to the central N1 site. The nucleosome positions involved in the remodeling reaction with the K3 DNA fragment were mapped at a high resolution (Fig. 3B) . The major nucleosome positions were assigned to N1 being an unresolved mixture of two rotationally positioned nucleosomes at 37/45 to 195/187, N2 covering positions 25 to 175, and the nucleosomes positioned at the DNA ends (N4) consisting mainly of positions 0/7 to 151/157. The preferred sites found with the K3 DNA were superimposed with the DNA curvature prediction plot (Fig. 3C ). From comparison with Fig. 3D , it is apparent that the 40-base pair sequence element from the rDNA promoter was sufficient to direct ACF-dependent nucleosome positioning also in the K3 fragment, with the dyad axis again being placed close to the region of highest DNA curvature. Due to the possibility that ACF simply moves the nucleosome to the center of the DNA because of its preference for sufficiently long (Ϸ30-bp) DNA flanking the nucleosomes, two additional nucleosome substrates were examined (SI Fig. 8) . The results clearly demonstrate that the 40-bp DNA element identified here is able to direct nucleosome positioning by ACF to a position closer to the border of the DNA. To explain how a remodeling machine is able to direct the nucleosome to a specific position, the kinetic model presented in Fig. 4A was used. The approach considers the translocation of nucleosomes as an enzymatic reaction that follows a MichaelisMenten-like model. This finding implies that ''good'' substrates for the enzyme (in this case, the chromatin-remodeling complex) are characterized by a high affinity of enzyme and its nucleosome substrate (low value of Michaelis-Menten constant K M ) and a high catalytic conversion rate k cat of the enzyme-substrate complex to the product, which is the repositioned nucleosome. In this case, the k cat /K M ratio is high as expected for an efficient catalytic process. The opposite would be true for ''bad'' nucleosome-remodeling substrates (i.e., the k cat /K M ratio is low). This view leads to the proposal that the nucleosome-translocation reaction proceeds by moving nucleosomes from sites where they are good substrates to sites where they are bad substrates. Differences in the remodeling activity are due to DNA sequence-dependent differences for nu- cleosome locations that make them good and bad substrates for a given complex.
The reaction is described as follows. The nucleosome N can be at position i, i ϩ 1, or i Ϫ 1, and the remodeler R can bind to nucleosomes at these positions. At the beginning of the reaction, all nucleosomes are at position i. The RN i complex can now translocate the nucleosome by a remodeler-specific number of base pairs (SWI/SNF Ϸ50 bp, ISW2 Ϸ10 bp) (35) to the other positions with the rate constants k iϩ1 and k iϪ1 or the RN i complex can dissociate with the equilibrium dissociation constant K d,i into nucleosome N i and free remodeler R with
The same reaction can occur at positions i ϩ 1 and i Ϫ 1. To position the nucleosome at a specific site on the DNA, we propose that certain DNA sequences make nucleosomes bad remodeling substrates with a low escape rate from these sites so that they constitute the preferred end points of the remodeling reaction. This finding is illustrated in Fig. 4B for a remodeling reaction that positions the nucleosome preferentially at position i ϩ 1.
The escape rate k esc,iϩ1 from position i ϩ 1 is given by the translocation rate constant k Ϫi times the concentration of the RN iϩ1 complex, which in turn is determined by the corresponding equilibrium dissociation constant K d,iϩ1 . Accordingly, we can conclude that k esc,iϩ1 is proportional to k Ϫi /K d,iϩ1 . To position the nucleosome at i ϩ 1, either the translocation rate k Ϫi away from this position or the binding affinity of the remodeler to the nucleosome at position i ϩ 1 has to be reduced. The latter would be equivalent to increasing the value of K d,iϩ1 . This result is referred to here as a ''release'' mechanism. Its mode of operation is similar to transcription termination by specific DNA terminator sequences that form a hairpin structure in the RNA, which then disrupt the binding of RNA polymerase to the template so that the elongation reaction stops at this site (36, 37) . For the second mechanism that involves a low translocation rate k Ϫi away from the corresponding nucleosome position, the term ''arrest'' mechanism is used. It can again be described by analogy to the transcription reaction, where pausing/ arrest of RNA polymerase can occur at certain DNA sequences because of a rearrangement of the enzyme's active site without the dissociation of the enzyme from the template (38) . Accordingly, we can envision an arrest mechanism for the chromatin-remodeling reaction, in which a specific intermediate form interferes with the continuation of the translocation reaction. In contrast to the release model, the binding affinity of the remodeler is not reduced. It is noted that any increase of the binding affinity for the nucleosome at a given position will increase the likelihood of moving the nucleosome away from this position if the translocation rate remains unaffected. A particularly tight nucleosome remodeler reaction that induces a block of the translocation reaction (i.e., low rate k Ϫi rate) could potentially position a nucleosome to a certain site. However, this anchoring mechanism would only work effectively under stoichiometric concentrations of remodeler and nucleosome, and its kinetics are not compatible with that of the in vitro remodeling reaction under enzymatic conditions studied here of Ϸ1 remodeling complex per 50 nucleosomes.
Nucleosome Positioning by Chd1 and ACF Follows the Release Model.
The release model predicts that the affinity of the remodeler to the nucleosome is reduced at the endpoint of the remodeling reaction. According to the arrest model, binding affinity at the terminal position is not lowered, but the translocation reaction is inhibited. These predictions were tested with Chd1 and ACF. The relative binding affinities of the remodelers to the initial mixture of nucleosome positions were analyzed in EMSAs in the absence of ATP so that only the remodeler nucleosome-binding event is examined. The addition of increasing amounts of Chd1 results in DNA and nucleosome binding and the appearance of DNA-Chd1 and nucleosome-Chd1 complexes (Fig. 5A) . From a comparison of the relative intensities, it can be seen that nucleosomes at positions N1, N2, and N4 were preferential substrates to form Chd1-nucleosome complexes, whereas the signal for nucleosomes positioned at site N3 decreased to a much lower extent. As shown in Fig. 2 , Chd1 positions nucleosomes at N3, the site with the lowest binding affinity for Chd1. This finding suggests that Chd1 translocates nucleosomes according to the release model. Similar results were obtained by ACF with this nucleosomal DNA (data not shown). The same behavior of the two remodelers was also observed for the rDNA nucleosome substrate. Purified nucleosomes positioned at either the center or border of the rDNA fragment were mixed in stoichiometric amounts and used for binding assays (Fig. 5B) . At increasing concentrations, Chd1 and ACF bound preferentially to nucleosomes positioned at the border of the DNA fragment (lanes This result leads to a distribution in which Ϸ80% of the nucleosomes are at this site when an equilibrium is reached. For the arrest model, the rate constant kϪ1 that translocates the nucleosome from position i ϩ 1 back to position i is 10 times reduced compared with the other translocation rates. Again Ϸ80% of the nucleosomes will be positioned at site i ϩ 1 as the reaction reaches a steady state. The kinetic simulations were conducted with concentrations similar to those used in the in vitro reaction of Ϸ1 remodeler per 50 nucleosomes.
2 to 5; the graph shows the fraction of the central nucleosome obtained with increasing ACF/Chd1 concentrations). Both remodelers displayed weaker binding affinities to the central nucleosome, which is the position to which they translocate the nucleosome in the remodeling reaction (SI Fig. 7A ). Thus, for the two remodelers and two nucleosome substrates examined here, nucleosome positioning occurs by the release mechanism.
Discussion
The present study demonstrates that the chromatin remodeler can establish specific local chromatin structures by reading out DNA features and targeting nucleosomes to specific positions. To exploit this differential activity of remodeling complexes in vivo, it appears necessary to spatially and temporally confine a given complex to certain chromatin regions. Indeed, an increasing number of reports describes such a targeting of chromatin remodelers to specific genomic loci that are characterized by their pattern of epigenetic markers as reviewed recently for Drosophila (39) . Thus, targeting of chromatin-remodeling complexes in conjunction with their DNA sequence-directed activity would provide a mechanism for the gene-specific regulation of DNA-dependent processes by modulation of the DNA accessibility. For ACF and Chd1, this process follows a release mechanism, according to which the endpoint of the translocation reaction is determined by a reduced affinity of the remodeler to the nucleosome at this site.
The physiological relevance of specifically positioned nucleosomes for the organization of regulatory regions of eukaryotic genes has been demonstrated in numerous systems (40-44). However, although the ability of certain DNA sequences to position nucleosomes in vitro is well established, many of these sequences fail to precisely position nucleosomes in vivo (44) . This result indicates that, in addition to DNA structure and flexibility, other mechanisms define nucleosome positioning in the cell. For example, it has been shown that DNA-binding factors like the ␣2-MCM1 complex actively position nucleosomes at repressed genes in yeast ␣-cells. This process requires the intact histone H4 tail (45, 46) , a target of the ISWI-containing remodeling machines (47) . Similarly, the Ssn6-Tup1 complex is a global corepressor responsible for nucleosome positioning at a number of genes and the recombination enhancer of the silent mating-type loci in budding yeast (48) (49) (50) (51) (52) . For the RNR3 gene, the precise nucleosome positioning required the ISW2 chromatin-remodeling complex in addition to Ssn6-Tup1 (53) . Furthermore, recent work demonstrates that the SNF2H-containing remodeling complex NoRC is involved in the repression of the rRNA genes that are characterized by two specific nucleosome positions discriminating between the active and inactive genes (54, 55) . In this system, the recruitment of NoRC reorganizes the chromatin structure by moving the promoter-bound nucleosome Ϸ25 bp downstream to the position found at inactive genes (56) .
In light of these findings and the results reported here, the high abundance and diversity of remodeling complexes suggests that chromatin-remodeling machines are specific chromatin organizers and not simply nucleosome mobilizers. Their activity seems to be directed by two additional information layers encoded in the DNA sequence. One would represent binding preferences of the histone octamer to certain DNA sequence elements. It has been shown for yeast that about half of the in vivo nucleosome positions can be predicted solely from the underlying DNA sequence (10, 11) . These sites are likely to provide thermodynamically favorable histone-DNA interactions, and the data reported here suggest that they also are selected as preferred locations in the remodeling reaction ( Fig.  3 and SI Fig. 7B ). However, the relative occupancy of these sites can be strongly affected by the chromatin-remodeling complexes. The coupling of their specific activity with intrinsic nucleosome preferences for certain DNA sequences could contribute significantly to determining nucleosome locations in living cells. Accordingly, the targeting of a significant fraction of nucleosomes to their DNA sites in the cell cannot be predicted without including the characteristic activities of chromatin-remodeling complexes present at the respective genomic loci. This view is consistent with a recent analysis of nucleosome locations in yeast that points to the involvement of additional factors in the determination of nucleosome positions (57) . As demonstrated here, one important parameter to be considered is the binding affinity of the remodeler and the nucleosome. Either because of a sequence-specificity of remodeler-DNA interactions or more indirectly by an altered nucleosome structure, a reduced remodeler-nucleosome interaction leads to the release of nucleosomes to these sites. Thus, the positioning of nucleosomes in the cell could involve a chromatin-remodeling code. Features encoded by the DNA sequence are recognized by chromatinremodeling complexes to establish specific nucleosome-positioning patterns that define the accessibility of DNA and with it on or off states for DNA-dependent processes.
Materials and Methods
Nucleosome-Remodeling Experiments. Recombinant ISWI, ACF, Brg1, Chd1, Snf2H, and Mi-2 were expressed in Sf9 cells and prepared as described previously (27, 34) . The hsp70 DNA fragment was generated by PCR with [␣-32 P]dCTP for labeling (28) . The 40-bp fragment encompassing the major DNA bending peak (CTGGGGAGGT GGCCCCAAAA ATGACCCCAT AAC-GAAAAGA) of this DNA was cloned into the pT7 blue3 Vector. From this vector, the 253-bp-long pT-K3 fragment with the insert was generated by PCR. Nucleosome-reconstitution and nucleosome-remodeling reactions were performed according to the protocol of Längst et al. (30) . Briefly, nucleosomes and DNA were incubated at ratio of Ϸ1 remodeler complex per 50 nucleosomes for 90 min at 26°C in the presence of 1 mM ATP, and nucleosome positions were analyzed by native PAGE. EMSAs with reconsti- tuted nucleosomes and remodeling ATPases were performed as previously described (27, 34) . For mapping the nucleosome positions, 1.5 units MNase (Sigma-Aldrich, St. Louis, MO) were added for 40 sec to remodeling reactions. The protected nucleosomal core DNA was isolated and analyzed by a single round of PCR (denaturation, 5 min at 95°C; annealing, 2 min at 56°C; extension, 1 min at 72°C) by using at least three different 32 P-labeled oligonucleotides hybridizing to different positions on the DNA fragment. Primer extension fragments were resolved on 8% sequencing gels and quantified with a phosphorimager by using the Aida software (Fuji, Tokyo, Japan). For further details, see SI Materials and Methods.
Theoretical Analysis of Nucleosome-Remodeling Reaction. The DNA curvature from the beginning of the enhancer to the end of the promoter was analyzed with the NA-Bench program (M. Busch, R. Kochinke, K.R., and G. Wedemann, unpublished data). The program uses different algorithms for curvature prediction that are reviewed in ref. 58 . For the analysis shown here, the parameter set from Bolshoy et al. (59) was used. Kinetic simulations were conducted with the COPASI software package, version 4.0 (60) by using the model depicted in Fig. 4 , which describes the translocation reaction according to Eqs. 1-5. The remodeler R can bind to nucleosomes N at positions i, i Ϫ 1, and i ϩ 1. Under the conditions of the in vitro experiments, the binding reaction is fast, compared with the nucleosome-translocation reaction, so that it can be described by an preequilibrium with the equilibrium constant K d for the dissociation of the RN complex:
Initial conditions for the simulations were a concentration of 2.5 ϫ 10 Ϫ9 M nucleosomes at position i and a concentration of 5 ϫ 10
Ϫ11
M remodeler. Translocations of the nucleosomes were described by the Eqs. 4 and 5 with the indicated rate constants.
Default values for the dissociation constants were (Fig. 4B) . For the simulations of the release model, K d,iϩ1 was changed to 10 Ϫ8 M, and the arrest mechanism simulation corresponded to k Ϫi ϭ 0.1 sec Ϫ1 .
Supplementary Information SI Figure 6 ISWI and the associated Acf1 subunit in the ACF complex (lane 2 and 6). The latter is also evident from the remodeling reaction with the hsp70 DNA (Fig. 2) . Thus, Acf1 the large subunit of ACF determines the directionality of the nucleosome positioning reaction. This confirms previous results obtained for the ACF complex in Drosophila (5) and more recently for human ACF (6) . The Brg1 protein catalyzes only a minor change of the nucleosome position distribution on the hsp70 DNA fragment with an elimination of the hsp70 N1 position (Fig. 2) . However, it does efficiently reposition the N1 nucleosomes on the rDNA fragment to the N2 site as shown in this figure. (B) Nucleosomes reconstituted on the hsp70 DNA were incubated with increasing amounts of the indicated remodeling complexes to monitor the progression of nucleosome movements in electrophoretic mobility shift assays. As expected increasing concentrations of remodeling enzymes where found to increase the kinetics of the nucleosome remodeling reaction (7, 8) . 
SI Material and methods
Nucleosome remodeling assay
DNA fragments K3-c and K3-b were prepared by PCR, using the pTblue7-K3 DNA. PCR fragments were purified and reconstituted into chromatin as described . Nucleosome remodeling reactions were stopped by the addition of 1 µg of plasmid DNA, further incubated for 5 min and then loaded on 5% polyacrylamide gels in 0.5x TBE. Gels were stained with ethidium bromide.
DNA curvature analysis
The rDNA sequences from position 22 to 182, containing the predicted curved DNA was cloned into the plasmid XUMEI kindly provided by Michael Meisterernst. The insert is flanked on both sites by an identical sequence harboring the restriction enzyme sites for MluI, XhoI, BglI, Acc65I and BamHI spaced by 36, 27, 19 and 19 bp. The 302 bp DNA fragment was released by restriction enzyme digestion and analyzed on 10% polyacrylamide gels in TB-buffer (89 mM Tris, 89 mM boric acid).
ATPase assay
Nucleosome remodeling reactions were performed in Ex40 buffer (40 mM KCl, 20 mM Tris·HCl pH 7.6, 1.5 mM MgCl 2 , 0.5 mM EGTA, 10% glycerol) containing 13 µM ATP. Reactions were supplemented with 10 ng/µl of DNA or chromatin reconstituted by salt dialysis and 20 to 200 ng of the remodeling enzyme. After the indicated time points, the reactions were diluted 1:1000 in water and the ATP levels were quantified in a luciferase assay with the Enliten kit (Promega), according to the manufactures protocol.
